One sentence summary: The loss of the RNA pyrophosphohydrolase RppH induces an increased envelope permeability in Escherichia coli, which causes susceptibility to antibiotics, certain chemical compounds and osmotic stress. Editor: Olga Ozoline
INTRODUCTION
Regulation of messenger RNA (mRNA) lifetimes is important for the efficient control of gene expression in all organisms. To evade mRNA degradation in bacteria, its 5 end is protected by a triphosphate, which is resistant to RNases, such as RNase E and RNase J (Richards et al. 2011; Mackie 2013; Foley et al. 2015) . RppH of the Nudix hydrolase family is RNA pyrophosphohydrolase that cleaves pyrophosphate from 5 -triphosphorylated mRNA, which triggers degradation by RNase E in Escherichia coli and by RNase J in Bacillus subtilis (Deana, Celesnik and Belasco 2008; Richards et al. 2011) .
The molecular basis for specificity of RppH-dependent RNA degradation has first been investigated in B. subtilis (Hsieh et al. 2013; Piton et al. 2013) . Bacillus subtilis RppH cleaves mRNAs having at least two unpaired nucleotides at its 5 end and strictly requires G at the 5 -terminal second nucleotide of its substrates. On the other hand, a less strict preference is found at other positions, such as the preference of a purine at the third position and the slight preference of A over G at the first position (Hsieh et al. 2013; Piton et al. 2013) .
Escherichia coli RppH also requires mRNA with at least two unpaired nucleotides at its 5 end, but its sequence specificity is much weaker than that of B. subtilis RppH (Foley et al. 2015; Vasilyev and Serganov 2015) . Although E. coli RppH has the modest preference of A at the first position of the RNA 5 end and the preference of G or A at the second position, it can basically cleave any mRNA, regardless of the nucleotide sequence at the first three positions. These results indicate the difficulty of identifying target RNAs of E. coli RppH. Microarray analyses have revealed that loss of E. coli RppH affects expressions of hundreds of transcripts (Deana, Celesnik and Belasco 2008; Luciano et al. 2012) , but the number of changed transcripts seems to be relatively small, considering its promiscuity.
Here, we examined phenotypes of the rppH mutant strain to define the physiological role of RppH in more detail. Through various phenotypic analyses of the rppH mutant, we found that the rppH mutant cells have increased envelope permeability. Based on these results, we will discuss the role of RppH as a potential target for the development of new antimicrobial agents.
MATERIALS AND METHODS

Bacterial strains and plasmids
The bacterial strains and plasmids used in this study are presented in Table S1 , Supporting Information. Cells were basically grown as described previously (Lee et al. 2015) . Luria broth (LB) was used for the general growth of bacterial cells unless indicated otherwise. pBAD-GFP, the vector for expression of green fluorescent protein (GFP), was constructed using a forward primer with a synthetic EcoRI site (underlined) upstream of the ATG start codon (in boldface type) of the gfp gene (5 -CTAGCAGGAGGAATTCATGAGTAAAGGAGAAGAACT-3 ) and a reverse primer with a synthetic XbaI site (underlined) (5 -GCAGGTCGACTCTAGATTACGGGCCCAATTTGTATA-3 ) (the stop codon in bold).
After amplification of the gfp gene using polymerase chain reaction (PCR), PCR product was digested by EcoRI-XbaI restriction enzymes. After digestion, the digested fragment was inserted into the corresponding sites of pBAD24.
Phenotype microarray analysis
The phenotype of wild-type and rppH mutant strains was analyzed with MicroPlate by the phenotype microarray system (Biolog, California, USA). Time course curves for respiration (tetrazolium color formation) were plotted using the OmniLog-PM software and differences in the areas of time course curves of two cells were calculated. Growth was analyzed by Biolog, Inc. Detailed information of phenotype microarray analysis is available at www.biolog.com.
Test of antibiotic sensitivity
Stationary phase cells grown in LB medium were serially diluted 10-fold from 10 8 to 10 3 cells/ml, and 2-μl of aliquots were spotted onto an LB plate containing rifampicin (6 μg/ml), nitrofurantoin (2 μg/ml), sulfanilamide (90 μg/ml), cinoxacin (2 μg/ml) or colistin (2 μg/ml). After incubation at 37
• C for 14-20 h, photographs of the plates were taken with a digital camera EOS 100D (Canon Inc., Tokyo, Japan).
Low salt survival
Cells grown in LB for 20 h were pelleted at 6000 rpm at room temperature and washed with 50 mM NaCl once. Cells were resuspended in water and incubated for 30 min at room temperature. Viability was determined by plating on LB agar plates.
Visualization of fluorescent proteins in live cells
For differential interference contrast and fluorescence imaging, cells grown in LB medium containing 0.02% l-arabinose to OD 600 = 0.5 were spotted on a 1.5% agarose pad made with phosphate buffered saline (PBS) containing 4 μg/ml colistin. Colistin, an antibiotic solubilizing the membrane of gramnegative bacteria (Bergen et al. 2006) , was used to increase the membrane permeability of cells. The wild-type and rppH mutant cells were visualized using a Nikon Eclipse Ni microscope (Nikon, Japan).
Measurement of the chlorophenyl red-β-d-galactopyranoside phenotype
To determine the chlorophenyl red-β-D-galactopyranoside (CPRG) phenotypes of bacterial cells, overnight cultured cells in LB medium were patched in a shape of an X on LB medium containing 50 μM of isopropyl-β-D-thiogalactopyranoside (IPTG) and 20 μg/ml of CPRG. After overnight incubation at room temperature, plates were photographed using a digital camera EOS 100D.
Determination of minimal inhibitory concentration values
Minimal inhibitory concentration was determined in agar plates using the microdilution method according to Clinical Laboratory Standards Institute guidelines (Wikler and CLSI 2009) . Briefly, Escherichia coli cells were cultured in Mueller-Hinton broth (Difco, USA) to obtain a turbidity comparable to the McFarland turbidity standard of 0.5. Cultures were diluted 100-fold with broth to reach a final concentration of 10 6 colony forming units/ml. Serial dilutions of antibiotics were prepared in Mueller-Hinton agar plates to reach concentrations ranging from 512 μg/ml to 0.25 μg/ml. Ten-microliter of aliquots were spotted on plates. After incubation at 37
• C for 24 h, the plates were photographed. MIC is defined as the lowest concentration of antibiotic inhibiting the lawn growth of spotted cells.
Quantitative real-time PCR
Total RNA was prepared using an RNeasy Mini Kit (Qiagen, USA) from wild-type MG1655 and the rppH mutant cells grown to OD 600 = 0.8 in LB medium, and genomic DNA was removed using RNase-free DNase I (Promega, USA). From each culture, cDNA was synthesized from approximately 1.2 μg of extracted RNA using cDNA EcoDry Premix (Clontech Laboratories, Inc., USA). Quantitative PCR analyses were performed in triplicate using 20-fold diluted cDNAs as template, gene-specific primers and 2X SYBR Premix Ex Taq II (Takara, Japan) in a reaction volume of 20 μl. Amplification and detection of product were performed using the CFX96 Real-Time System (Bio-Rad, USA). The relative expression level was calculated as the difference between the threshold cycles of the 16S rRNA gene (the reference gene) and the target gene for each template. Two independent experiments were performed. 4 cells/ml, and 2-μl aliquots were spotted onto a LB plate without or with rifampicin (6 μg/ml). After incubation at 37
• C for 14-20 h, the plates were scanned. (B) Stationary phase cells grown in LB medium were serially diluted 10-fold from 10 8 to 10 3 cells/ml, and 2-μl aliquots were spotted onto a LB plate containing nitrofurantoin (2 μg/ml), sulfanilamide (90 μg/ml), cinoxacin (2 μg/ml) or colistin (2 μg/ml). After incubation at 37
• C for 14-20 h, photographs of the plates were taken with a digital camera.
RESULTS
Phenotype microarray analysis of the rppH mutant
Although RppH has the RNA pyrophosphohydrolase activity which catalyzes the removal of pyrophosphate from the triphosphorylated mRNA 5 terminus, a relatively small number of mRNAs were identified as in vivo targets of RppH (Deana, Celesnik and Belasco 2008; Luciano et al. 2012) . Therefore, to gain more insights into the physiological roles of RppH, we analyzed the phenotype of the rppH mutant using phenotype microarrays (Biolog Inc.). This technology can be used to determine physiological roles of genes by simultaneously analyzing various phenotypes of the mutant cells (Zhou et al. 2003) . Growths of MG1655 and the rppH mutant cells were measured in approximately 1000 culture mediums containing different nutrients or inhibitors in which cell respiration is measured through color change of a redox indicator. Tests of nearly 2000 cellular phenotypes revealed that the rppH mutant shows sensitivity to various inhibitors, including antibiotics, inhibitors of nucleic acid metabolism, folate antagonists, membrane-destabilizing compounds and toxic ions ( Fig. S1 and Table S2 , Supporting Information).
Requirement of RppH activity for overcoming various antibiotics
To confirm results of phenotype microarrays, we examined sensitivity of the rppH mutant to several inhibitory chemicals tested in phenotype microarrays. Consistent with results of phenotype microarray, the rppH mutant was sensitive to a variety of antibiotics, such as rifampicin, nitrofurantoin, sulfanilamide, cinoxacin and colistin (Fig. 1) . MIC assays were used to examine the antibiotic sensitivity of the rppH mutant. Inactivation of rppH caused 2-or 4-fold increase in sensitivity to these antibiotics, indicating that RppH is important for antibiotic resistance in Escherichia coli (Table 1) . Antibiotic sensitivities of the rppH mutant were rescued by plasmid-borne expression of RppH, confirming the role of RppH in these phenotypes. A previous result showed that RppH(E56&57A) with alanine substitutions at 56th and 57th glutamate residues cannot remove pyrophosphate from 5 -triphosphorylated RNA (Lee et al. 2014) . Expectedly, plasmid-borne expression of RppH(E56&57A) could not rescue sensitivity of the rppH mutant to antibiotics (Fig. 1) .
Therefore, these data demonstrate that enzymatic activity of RppH is required for overcoming sensitivity to various antibiotics.
The rppH mutant is sensitive to osmotic stress, ethanol and sodium dodecyl sulfate
Because the rppH mutant showed sensitivity to many inhibitory chemicals, these phenotypes of the rppH mutant may be caused by increased penetration of chemicals through enhanced envelope permeability. To verify this assumption, we tested the phenotype of the rppH mutant under various envelope stresses. Already in a previous report, we showed that cells with enhanced RppH activity are sensitive to high salt stress (Lee et al. 2014 ). This result implies that the rppH mutant may be sensitive to low salt stress. This assumption was addressed by survival test of the rppH mutant under low salt condition. Expectedly, the rppH mutant showed decreased resistance to low salt stress (Fig. 2a) . In addition to osmotic stress, the effect of other envelopedestabilizing chemicals such as ethanol and sodium dodecyl sulfate (SDS) was investigated. The rppH mutant was extremely sensitive to ethanol and to a similar degree to SDS ( Fig. 2b;  Fig. S2 , Supporting Information). These results indicate that the rppH mutant is sensitive to various envelope stresses. These phenotypes of the rppH mutant were also caused by loss of its enzymatic activity (Fig. 2) .
A previous study demonstrated that the expression levels of the osmY gene increase in the rppH mutant, and the salt Figure 2 . Sensitivity of the rppH mutant to envelope stress. (A) Stationary phase cells of the indicated strains grown in LB medium were harvested at low speed. After washing once with 50 mM NaCl, cells were resuspended in water and incubated for 30 min at room temperature. Viability was determined by plating on LB agar plates. (B) Stationary phase cells of the indicated strains grown in LB medium were serially diluted 10-fold from 10 8 to 10 4 cells/ml, and 2-μl aliquots were spotted onto a LB plate, a LB plate supplemented with 5% ethanol, or a LB plate supplemented with 2% SDS as indicated. After incubation at 37
sensitivity of cells with increased RppH activity is suppressed by overexpression of the osmY gene (Lee et al. 2014) . To determine whether these phenotypes of the rppH mutant are due to an increased level of osmY transcript, we analyzed the phenotype of the rppH osmY double mutant. Additional deletion of the osmY gene did nott reverse phenotypes of the rppH mutant, but it rather increased sensitivity of the rppH mutant to rifampicin or SDS (Fig. S3, Supporting Information) . Therefore, these results indicate that identified phenotypes of the rppH mutant are independent of OsmY.
Enhanced envelope permeability in the rppH mutant
These phenotypes of the rppH mutant implies that RppH may affect envelope permeability. To examine this assumption, we checked LacZ activity using CPRG, a substrate of β-galactosidase that is unable to penetrate the E. coli envelope (Paradis-Bleau et al. 2014) . CPRG cannot be cleaved by cytoplasmic LacZ in the wild-type cells, but mutants with increased envelope permeability are more permeable to CPRG molecules or can release LacZ into the medium, and thus these cells formed the red colonies by chlorophenyl red, a cleavage product of CPRG (Paradis-Bleau et al. 2014) . In an envelope permeability test using CPRG, the rppH mutant cells developed red color compared to the wild-type cells, suggesting enhanced envelope permeability in the rppH mutant (Fig. 3a) . Similar to other phenotypes, this CPRG-positive phenotype was reversed by plasmid-borne expression of RppH, but not RppH(E56&57A).
To further assess enhanced envelope permeability in the rppH mutant, we used GFP to fluorescently visualize envelope permeability (Gray et al. 2015) . Colistin (polymyxin E) is a polycationic peptide that has both hydrophilic and lipophilic moieties and is known to have an antimicrobial activity through interacting with lipopolysaccharide (LPS) in the outer membrane, which may induce outer-membrane disruption (Bergen et al. 2006) . In the presence of colistin, GFP leakage of the wild-type and rppH mutant cells was visualized by time-lapse microscopy. The rppH mutant cells had slightly longer cell size than that of the wildtype cells and showed extensive leakage of GFP protein in the presence of colistin ( Fig. 3b; Fig. S4, Supporting Information) . Therefore, these results suggest that the absence of RppH causes increased envelope permeability.
Cold stress resistance of the rppH mutant
Although increased envelope permeability induces sensitivity to various envelope stresses and toxic chemicals, it can give a positive effect under decreased membrane fluidity such as low temperature. To test this assumption, we examined sensitivity of the rppH mutant to cold stress. The rppH mutant cells showed no growth difference with the wild-type cells at both 37
• C and 42
• C, whereas the mutant cells grew slightly faster than the wild-type cells at 16
• C ( Fig. 4a; Fig. S5 , Supporting Information). On the contrary, overexpression of RppH strongly inhibited the bacterial growth at 16
• C (Fig. 4b) . However, overexpression of RppH(E56&57A) having no enzymatic activity hardly affected the bacterial growth at 16
• C, suggesting that increased enzymatic activity of RppH decreases cold-stress resistance. Therefore, these results strengthen the conclusion that the rppH mutant cells have increased envelope permeability.
DISCUSSION
In this study, we investigated the physiological roles of the RNA pyrophosphohydrolase RppH by deleting the rppH gene and analyzing various phenotypes. The rppH mutant was sensitive to envelope stresses as well as various toxic chemicals including antibiotics. All these phenotypes of the rppH mutant were recovered by episomal expression of RppH, but not RppH(E56&57A), a mutant having no enzymatic activity, suggesting that loss of enzymatic activity of RppH renders cells sensitive to envelope stresses. Through several experiments, we found that loss of RppH increases envelope permeability of cells. Notably, overexpression of RppH strongly inhibited the cellular growth under a low-temperature condition, whereas deletion of the rppH gene promoted the cellular growth in the same condition. One study comparing the transcriptomes of the wild-type and rppH mutant strains in Pseudomonas syringae has shown that RppH is involved in thermoregulation (Hockett, Ionescu and Lindow 2014) . Therefore, phenotypes of the rppH mutant identified in this study should be assessed in other bacteria.
Because RppH is a RNA pyrophosphohydrolase regulating mRNA decay of many genes, identified phenotypes of the rppH mutant may be caused by regulating some genes involved in membrane integrity, not by a direct action of RppH. For example, isrC, an RNA of unknown function, is a gene whose expression most increases in the absence of RppH (Deana, Celesnik and Belasco 2008; Luciano et al. 2012) (Fig. S6a , Supporting Information). Because deletion of the isrC gene slightly alleviated sensitivity of the rppH mutant to rifampicin (Fig. S6b , Supporting Information), the isrC gene seems to be one of genes involved in the regulation of the membrane integrity of the rppH mutant. Therefore, further studies are required to identify genes related to phenotypes of the rppH mutant.
The emergence of bacterial infections by multidrug-resistant gram-negative bacteria, such as Klebsiella pneumoniae, Pseudomonas aeruginosa and Acinetobacter baumannii, poses a serious threat to public health (Lee et al. 2013) . Unlike gram-positive bacteria, treatment options of gram-negative bacterial infections are particularly limited due to the outer membrane, an additional membrane comprised of phospholipid and LPS, which functions as an important barrier to block the penetration of antibiotics (Silver 2008) . The continuous development of novel antimicrobial agents demands investment in new drug discovery strategies. One of these alternative drug discovery strategies is the development of helper drugs that restore susceptibility or allow alternative uses of clinically important antibiotics. Colistin is a polycationic peptide antibiotic that was discovered more than 60 years ago and is a key component of novel antimicrobial regimens used for the treatment of carbapenem-resistant gram-negative bacterial infections (Liu et al. 2014; Lee et al. 2016) . Because the emergence of colistin resistance in carbapenemresistant gram-negative bacteria was reported worldwide (Lee et al. 2016; Liu et al. 2016) , the development of a helper drug for colistin will provide an important aid for increasing treatment options of gram-negative bacterial infections. This study showed that the rppH mutant strain is strongly sensitive to colistin (Fig. 1b) . Therefore, RppH will be a potential target for the development of novel antimicrobial drugs acting against gramnegative bacteria resistant to conventional antibiotics.
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